DNA methylation has a profound impact on the regulation of gene expression in normal cell development, and aberrant methylation has been recognized as a key factor in the pathogenesis of human diseases such as cancer. The discovery of modified nucleobases arising from 5-methylcytosine (5mC) through consecutive oxidation to give 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC) has stimulated intense research efforts regarding the biological functions of these epigenetic marks. This Review focuses on the sensitive detection and quantitation of 5fC in DNA and RNA by chemoselective labeling, which aims at discriminating between 5fC and its thymine counterpart 5-formyluracil (5fU), and summarizes single-base resolution sequencing methods for locus-specific mapping of 5mC and its oxidized derivatives.
Epigenetic modifications of cytosine
Nucleic acids in DNA and RNA carry a wide range of different base modifications, the study of which is currently undergoing a rapid development that is expected to continue or even accelerate in the next few years. A formal measure of the intense efforts in this field of research may be deduced from the numerous recent publications on this topic focusing on sensitive and specific methods for the detection and mapping of epigenetic and epitranscriptomic modifications and on more in-depth investigations regarding their fundamental tasks in the regulation of gene expression and in maintaining cellular functions.
Methylation at the fifth position of cytosine (C) to give 5-methylcytosine (5mC) at CpG dinucleotide sites constitutes an important epigenetic DNA modification [1] [2] [3] [4] [5] [6] that is involved in diverse biological processes such as regulation of the transcriptional profile of a cell, mediation of genomic imprinting, X-chromosome inactivation, and repetitive element repression. A fine-tuned balance of ongoing DNA methylation and demethylation is of vital importance for living cells, since dysregulation of these processes results in aberrant 5mC patterns, which contribute to various human diseases, among them neurological disorders such as Alzheimer's or Parkinson's disease [7, 8] , type 2 diabetes, and, in particular, various types of cancer [1, 2, 9] . DNA epigenetic malfunctions are known to be strongly associated with the development of malignancies among them myeloid Abbreviations AD, adamantane; AM, adamantan amine; ARP, aldehyde-reactive probe; BDAPE, 2-bromo-1-(4-dimethylaminophenyl)-ethanone; BER, base excision repair; BS, bisulfite sequencing; CB7, cucurbit [7] uril; CBAN, 2-(5-chlorobenzo[d]thiazol-2-yl)acetonitrile; CMS, cytosine-5-methylsulfonate; DBCO-biotin, dibenzocyclooctyne-modified biotin; DNMT, DNA methyl transferase; GirP, Girard's P reagent; HEK, human embryonic kidney cells; HeLa, human cervical cancer cells; HMA, 9-hydrazinylmethyl acridine; IPD, interpulse duration; LOD, level of detection; LOQ, level of quantification; oxBS-Seq, oxidative bisulfite sequencing; RRBS, reduced representation bisulfite sequencing; SMRT, Single-molecule real-time; TAB-Seq, TET-assisted bisulfite sequencing; TDG, thymine DNA glycosylase; TET, ten-eleven translocation; TMI, 2,3,3,-trimethylindole.
leukemia or solid tumors such as carcinomas of the breast, liver, lung, and pancreas [9] .
In mammals, the cytosine methylation pattern is established during embryonic development by de novo DNA methyltransferases DNMT3a and DNMT3b, and maintained during cell division by maintenance DNA methyltransferase DNMT1 [1, 3, 4, 10] . This DNA methylation pattern can be lost through passive or active pathways. Passive cytosine DNA demethylation is characterized by the loss of cytosine methylation during cell division caused by elimination or inhibition of DNMT1 activity, whereas active cytosine DNA demethylation [4, 11] constitutes the conversion of 5mC to unmodified cytosine independently from DNA replication. Recent studies revealed that active DNA demethylation is mainly achieved by iterative oxidation of 5mC mediated by the TET (ten-eleven translocation) family of proteins affording three further modified cytosine bases, namely 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC) [11] [12] [13] [14] . Cleavage of the higher oxidized bases 5fC and 5caC by thymine DNA glycosylase (TDG) to give abasic sites finally results in the restoration of unmodified cytosine via the base excision repair (BER) pathway (Fig. 1A) [11, 15, 16] . Recently it has been shown that 5fC can be converted to cytosine in vivo by cleavage of the carbonyl-C5 single bond [17] , but any responsible enzymatic factors as well as the catalytic mechanism of this direct deformylation reaction remain to be identified.
In the human genome, 5mC was detected at levels of around 3-5% of all cytosine species [12] , whereas its three oxidation products were found to occur in distinctly lower concentrations, with 5hmC being present in an abundance around 10-100-fold lower (i.e., 0.02-0.1% of all cytosine species) than that of 5mC [12, 18, 19] . For 5fC and 5caC, concentrations of around 40-1000-fold lower (i.e., 0.002-0.02% of all cytosine species) than that of 5hmC were determined [18, 20, 21] , and the actual levels were found to be strongly cell type and tissue dependent. The discovery of 5mC oxidation products in the mammalian genome raised many questions regarding their possible biological functions. Initially, they had been regarded as transient intermediates in DNA demethylation, but recent findings revealed that 5hmC and 5fC are stable DNA modifications [22] [23] [24] in the genome, thus suggesting that oxidized 5mC derivatives may function as epigenetic marks in their own right, exhibiting regulatory purposes and participating in DNA replication, transcription, repair, and recombination [25] [26] [27] .
Besides generating oxidized 5mC intermediates in DNA, TET and related dioxygenase enzymes have also been shown to use 5mC in RNA as a substrate [28] [29] [30] . This resulted in the identification of 5hmC in polyadenylated RNA in Drosophila [31] . Moreover, in 2016, three individual reports revealed that 5fC in human mitochondrial tRNA is a product of 5mC oxidation [32] [33] [34] , caused by the promiscuous dioxygenase ALKBH1 [32, 35] , and mistakes in this biosynthetic pathway were found to be connected to mitochondrial diseases.
For these biological reasons, as well as from a chemical perspective, 5fC in DNA and RNA has attracted special attention due to the presence of a reactive aldehyde group in its structure, which readily reacts with nucleophiles such as primary amines, hydrazides, or aminooxy derivatives, thus permitting more easily to detect this epigenetic mark by direct chemical labeling. However, analytical investigations aiming at an accurate quantitation of these cytosine modifications are challenging due to their low abundances and potential interference of similarly reactive aldehyde functional groups at abasic sites.
A wide repertoire of approaches [2, 36, 37] has been developed for the detection of 5mC and related compounds, and these methods are classified as either global analytical procedures providing an overall picture of cellular DNA modification levels, or as techniques for site-specific analysis in genomic DNA (Fig. 1B) . Sensitive chromatographic methods coupled with electrospray tandem mass spectrometry (HPLC-ESI-MS/ MS) [36, 38, 39] , in combination with the use of stable isotope-labeled standards [18, 40, 41] , enabled researchers to determine global levels of cytosine-related epigenetic bases in stem cells and in various mammalian tissues. Cytosine modifications can also be detected based on DNA digestion by modification-sensitive restriction enzymes. Although this traditional method provided early insights into the methylation status of CpG islands and was later coupled with deep sequencing, this approach is limited by the availability of selective restriction enzymes for diverse sequence contexts [42] [43] [44] . In addition, antibody-based detection methods, including dot blot analysis and immunofluorescence staining, were used to monitor 5mC and 5hmC in various tissues [45, 46] . Immunoprecipitation with modification-specific antibodies allowed for enrichment prior to sequencing for analyzing the spatial distribution of epigenetic bases in the genome [36, 37, [47] [48] [49] , and transcription-activator-like effector (TALE)-based protein scaffolds were engineered to analyze 5mC and its oxidized derivatives with programmable sequence selectivity [50] [51] [52] .
For many years, the standard method for the sitespecific analysis of cytosine modifications has been bisulfite sequencing (BS-Seq), which converts unmodified cytosine to uracil by deamination without affecting 5mC [36, 37] . However, this method is unable to reliably distinguish the newly discovered oxidized derivatives 5hmC, 5fC, and 5caC, and therefore, the development of new approaches for differentiating between individual cytosine modifications was urgently required. In the past decade, next generation sequencing methods have been fine-tuned for the site-specific identification of distinct modifications, and various chemical methods have been described aiming at an efficient and convenient attachment of small molecules, fluorescent labels, and/or affinity tags for the selective and sensitive detection of the oxidized forms of 5mC, often based on the unique chemical reactivity of 5fC.
Besides 5fC, its thymine counterpart 5-formyluracil (5fU) has to be taken into account when designing reagents for the selective enrichment and labeling of formylpyrimidines. 5fU is a well-known genotoxic lesion that is produced by oxidation of thymine after exposure to UV light, ionizing radiation, or reactive oxygen species (ROS) via 5-hydroxymethyluracil (5hmU) as intermediate [53] . The presence of 5hmU was also shown to result from TET-mediated enzymatic thymine oxidation in mouse embryonic stem cell DNA [54] . The 5fU base modification is known to trigger base mispairing, to perturb DNA functions, and to modulate protein-DNA interactions [55, 56] . Since 5fC and 5fU share similar structures and chemical reactivity, selective chemical targeting of each of the two compounds is a substantial challenge.
In the following, the chemical and biophysical properties of 5-formylated nucleobases will be discussed and an overview of analytical approaches aiming at a sensitive and selective chemical labeling of 5-formylpyrimidines will be presented, followed by a discussion of modification-specific sequencing methods.
Structural and biophysical properties of 5fC and recognition by proteins
The epigenetic cytosine modifications at position 5 of the pyrimidine ring are located in the major groove of double-stranded DNA and are therefore available for interactions with proteins. The methyl, hydroxymethyl, formyl, and carboxyl substituents of 5mC, 5hmC, 5fC, and 5caC have different steric demands and vary in their conformational flexibility due to specific hydrogen bonding properties. They modulate the pKa of the nucleobase [57] and may influence mechanical DNA flexibility [25] , as well as dynamics and thermal stability of base pairing with guanine [58] , but the overall effects on local DNA and RNA structures appear to be small, as determined by X-ray crystallography, NMR, and CD spectroscopy [59] [60] [61] . Under special circumstances unusual base-stacking Fig. 1 . Formation, removal, and methods for detection of epigenetic pyrimidine nucleobase modifications in the mammalian genome. (A) Pathways for cytosine and thymine transformations including cytosine (C) methylation by DNMTs and iterative oxidation of 5-methylcytosine (5mC) by TET enzymes to give 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxylcytosine (5caC); excision by TDG followed by BER, or direct deformylation/decarboxylation to restore unmodified C, and enzymatic/environmental oxidation of thymine (T) to 5-hydroxymethyluracil (5hmU) and 5-formyluracil (5fU); (B) Analysis of 5fC by chemical labeling with appropriate reagents (see Fig. 2 ) for increased MS sensitivity, or for direct fluorescence detection, or for affinity enrichment, followed by digestion and ESI-MS, or followed by amplification and sequencing.
geometries and hydration patterns have been observed [62] . These and other insights were derived using synthetic site-specifically modified DNA prepared by solid-phase synthesis. Various protecting group strategies have been reported for the incorporation of 5fC in DNA and RNA [63, 64] , and the most successful approach appears to be masking the formyl moiety as an acetal group [65, 66] . The availability of high-quality synthetic oligonucleotides is not only a prerequisite for biophysical investigations but also enabled the study of 5fC formation and repair and the identification of specific reader proteins by quantitative proteomics using SILAC-based DNA pulldown [24, 67] . In these studies, 5fC was found to recruit transcriptional regulators and DNA repair-associated proteins [27, 67] . Recently the formation of reversible covalent crosslinks between 5fC DNA and lysine/arginine residues of histone proteins in the nucleosome core particle have been reported [68, 69] . Moreover, the availability of synthetic DNA enabled the development and benchmarking of specific labeling methods, a selection of which is discussed in this Review.
Chemical labeling in combination with LC-ESI-MS/MS analysis
Owing to its inherent sensitivity and selectivity, liquid chromatography coupled with electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS) has frequently been used to determine the global levels of 5mC and its oxidation products in biological samples. Synthetic standards labeled with stable isotopes help to reliably identify and quantitate novel base modifications in DNA and RNA. Using sensitive mass spectrometry techniques, 5fC in DNA was first identified in genomic DNA from mouse embryonic stem cells [20] , and established to originate from enzymatic oxidation of 5mC by TET enzymes [12] . The MS signal was strongly increased when the DNA was reacted with the biotin-hydroxylamine reagent 1 (O-(biotinylcarbazoylmethyl)-hydroxylamine, Fig. 2 ) as aldehydereactive probe (ARP) prior to digestion [20] , suggesting that the sensitivity of LC-MS/MS analysis can be significantly enhanced by chemical derivatization. In this context, a chemical approach used 2-bromo-1-(4-dimethylaminophenyl)-ethanone (BDAPE, 5) as the derivatization reagent [70] , which readily reacts with the 3-N and 4-N positions of cytosine to form a stable bicyclic adduct. BDAPE showed good reaction efficiencies for all four cytosine modifications (see the 5fC-derived derivative 6 in Fig. 2 ), and introduced a hydrophobic phenyl ring and an easily chargeable tertiary amine function, which significantly improved the retention behavior of the BDAPE derivatives and led to 35-120-fold enhanced detection sensitivities in LC-ESI-MS/MS analysis. Since the exocyclic amino group of cytosine derivatives participates in ring formation upon derivatization, the reaction with BDAPE can be used to distinguish oxidized cytosine modifications from analogous uridine derivatives [70] . However, BDAPE derivatization also gives rise to the formation of the respective labeled forms of the canonical nucleosides dC and dA, whereas dG and T cannot react, resulting in distinctly improved separations on RP-HPLC. Using this labeling strategy, a significant depletion of 5hmC, 5fC, and 5caC in genomic DNA of human colorectal carcinoma cells was detected compared to the levels of these cytosine modifications determined in tumor-adjacent normal tissues [70] . In accordance with previous studies on other tumor diseases [9, 71] this finding also suggested that modified cytosine nucleobases might serve as potential biomarkers for the early detection and prognosis of colon cancer.
Specifically focusing on increasing the detection sensitivity of formylated nucleosides in ESI-MS, different labeling reagents were screened that contained either a hydrazine or an amino group [72] . The best reaction efficiencies (> 99%) were obtained with Girard's P reagent, GirP (2, Fig 2A) . The labeled nucleosides were online enriched by in-tube solid-phase microextraction (SPME) and then analyzed by elution to ultra-high performance liquid chromatography (UPLC) in combination with ESI-MS/MS. Owing to the strongly enhanced peak intensities of the labeled nucleosides in comparison to those of unlabeled nucleosides, and the consistently ionizable positively charged quaternary amino group in the labeling reagents, the detection limits were dramatically improved, for example, in the case of 5fC by 350-fold, and by 880-fold for 5fU. Thus, the sensitivity upon labeling with GirP was distinctly better than that of BDAPE-labeled nucleosides (see above). In addition, the method displayed excellent values for the limits of detection (LODs) and quantitation (LOQs) and was found to be linear with respect to the peak area in the range of concentrations between 0.1 and 100 fmolÁlL (5fCm) and 5-formyl-2 0 -O-methyluridine (5fUm) [72] . Relating to ongoing discussions on a potential role of cytosine and uracil modifications as early detection biomarkers for cancer diagnostics, the contents of formylated modifications in RNA and DNA of human thyroid carcinoma tissues were determined applying this approach [72] . The results revealed significantly increased levels of 5fC and 5fU in cancer cells compared to the contents present in normal tissues adjacent to the tumor, thus suggesting that epigenetic alterations may be of relevance for the etiology of malignancies of the thyroid gland.
A third approach, likewise focusing on an increase in separation efficiency and detection sensitivity of cytosine modifications during LC-ESI-MS/MS analysis introduced dansylhydrazine (DNSH, 3, Fig. 2A ) into 5fC [73] . The hydrazide functionality of DNSH readily reacted with the aldehyde group of 5fC giving rise to hydrazone derivatives with an easily chargeable moiety and an improved retention behavior on RP-HPLC due to the hydrophobic naphthalene system. By oxidizing 5hmC to 5fC by MnO 2 , this labeling strategy was also suitable for the detection and quantitation of 5hmC in biological samples. Chemical modification using DNSH 3) led to an increase in the detection sensitivity of 5fC by 360-fold, and of 5hmC by 380-fold, thus affording very low LOD values of 0.04 and 0.03 fmol for these two epigenetic modifications. This strategy was used to determine the contents of 5hmC and 5fC in both DNA and RNA of human cervical cancer and embryonic kidney cells (HeLa and HEK 293T, respectively), and the results were in accordance with previous reports [12] .
In analogy to the sensitive detection of oxidized 5mC intermediates, the quantitative analysis of abasic sites is highly relevant, because 5fC and 5caC are substrates for base excision repair enzymes, which generate abasic sites as active demethylation intermediates. An aldehyde-reactive reagent was, therefore, developed for the quantitative analysis of abasic sites by triple quadrupole MS [74] . Together with detailed analysis of DNA isolated from cell cultures with 13 C isotopically labeled nucleosides, the study revealed that 5fC and 5caC do not cause significant accumulation of acyclic abasic sites. This suggests that 5fC removal by BER repair is tightly controlled and this is also consistent with alternative deformylation pathways including direct C-C bond cleavage [17] .
Labeling of 5fC using amine, hydrazine, and hydroxylamine reagents Several reports attempted fluorescent labeling of 5fC-containing DNA using fluorophores with aldehyderesponsive amine, hydroxylamine, or hydrazide functional groups. Guo et al. [75] used coumarin and BODIPY derivatives such as the hydroxylamines 7 and 8 ( Fig. 2B) for oxime ligation to detect and quantitate 5fC in DNA. The hydroxylamine group attached to BODIPY structures, such as 7, was protected as phthalimide and only released just before exposure to 5fC-DNA by treatment with hydrazine hydrate. The labeling reactions were performed in ammonium acetate buffer with p-anisidine as the catalyst, giving rise to the desired fluorescent products in excellent yields. With this method, 5fC-containing oligonucleotides were efficiently labeled, revealing a linear correlation between the concentration of labeled DNA and the fluorescence intensity, in the range from 50 nM to 1 lM using synthetic 5fC containing DNA.
In an alternative approach, amines can directly be reacted with 5fC without using a catalyst. Hu et al. [76] developed a method for selective chemical labeling of 5fC in DNA using activated amino-linked fluorescent dyes, such a 1-pyrenemethylamine 10 (Fig. 2B ) containing a benzylic amine. Since aromatic amines were found to be unreactive with 5fC, an aliphatic ethylene amine linker was introduced in the naphthalimide-derived chromophore 9 (Fig. 2B) , allowing for efficient Schiff base formation under mild conditions. The labeled compounds displayed strong fluorescence and the fluorescence intensity varied linearly with the concentration of 5fC in a range between 1 and 100 nM.
Xu et al. [77] designed a bifunctional small probe, namely 9-(hydrazinylmethyl)acridine (HMA, 12, Fig. 2B ), that readily reacts with the aldehyde group of 5fC to form a hydrazone adduct and intercalates into the base pairs of double-stranded DNA with its acridine unit. The enzymatic excision of 5fC by TDG was significantly inhibited upon covalent attachment of HMA, and both DNA and RNA polymerases were stalled upon encountering the labeled 5fC, suggesting that this small molecule is capable of preventing downstream enzymatic processes, in contrast to other labeling methods, which were only suitable for detecting the presence of 5fC in DNA.
Discrimination of symmetric from asymmetric 5fC sites in double-strand DNA using a pyrenehydrazine probe
In analogy to the method described above, Xu et al. [78] likewise designed and synthesized a fluorogenic pyrene-hydrazine (Py-Hy, 11) (Fig. 2B) , here additionally aiming at a discrimination of symmetric from asymmetric 5fC sites in double-stranded DNA. This technique is beneficial to gain more in-depth knowledge on mechanistic aspects regarding the generation of 5fC by the TET oxidation pathway, since the precursor 5mC is symmetrically distributed at CpG dinucleotide motifs. Py-Hy (11) possesses unique fluorescence properties based on the ability of excimer formation, which results in a large Stokes shift of ca 100 nm. If the 5fC sites are located in a symmetric form of 5fCpG, the two neighboring pyrene groups exhibit a distinct dimer fluorescence emission at 490 nm, while dsDNA with hemisymmetric 5fC yields weak fluorescence at 390 nm. This enabled the detection of 10 nM symmetric 5fC under mild reaction conditions in the presence of 100-fold excess of nonsymmetric 5fC sites. Additionally, information about the demethylation mechanism in the TET-dependent oxidation pathway of 5mC was obtained by labeling 5fC with Py-Hy. This study revealed a high abundance of symmetric sites during in vitro TET-catalyzed oxidation of 5mC, thus supporting a nonprocessive nature of the TET catalytic domain (i.e., TET may dissociate from DNA substrate in between the oxidation steps). Furthermore, in view of this mechanism and with respect to the presence of symmetric 5fC a potentially harmful generation of double-strand breaks may arise during TET/TDG-mediated DNA methylation. Mechanistic questions concerning active erasure of cytosine methylation by TET oxidation are still an important topic of current research, which has been fuelled by the recent finding of 5fC to C conversion by C-C bond cleavage in vivo [17] .
A reversible 5fC-targeted intervention tool by curcurbit [7] uril-driven host-guest chemistry A different procedure to label 5fC in DNA was described by Wang et al. [79] who developed a reversible 5fC-targeted intervention tool for interception of a variety of reactions on this modified nucleobase such as DNA polymerase elongation or PCR. For this purpose, a supramolecular aldehyde-reactive probe (SARP, 4) ( Fig. 2A) with a hydroxylamine-functionalized adamantane (AD) was designed. The adamantane moiety showed a high binding affinity toward cucurbit [7] uril (CB7), an often applied host molecule in host-guest chemistry, while the 2-(adamantyl)ethoxyamine moiety was meant to target the 5fC aldehyde. SARP can react with 5fC through aldoxime ligation which occurs rapidly and selectively under acidic conditions and in the presence of p-anisidine as a catalyst, yielding a 5fC-AD nucleotide. Using Bst DNA polymerase, dG was efficiently incorporated into the DNA strand opposite to the 5fC-AD adduct, which did not affect the hydrogen bonding pattern in duplex DNA. However, upon binding of CB7 to the 5fC-AD-DNA, the sterically demanding host molecule functioned as a roadblock to elongating DNA polymerase. Since the caging CB7 can be removed by subsequent treatment with adamantan amine (AM) through competitive complex formation (AM-CB7), the enzyme recognition of 5fC can be reversibly regulated. This supramolecular approach can be used to block and deblock interactions between proteins and 5fC sites in genomic DNA, which makes it a suitable tool for fast and simple analysis of 5fC modifications. A similar supramolecular complex, in which 5fC was labeled with a tethered ferrocene via oxime formation and then bound to CB7, was investigated to enhance diagnostic current signatures in nanopore sequencing (see also below) [80] .
Chemoselective labeling of 5fC and 5fU
Although the approaches presented above resulted in efficient labeling of 5fC, the sensitive detection and reliable quantitation of the oxidized pyrimidine nucleosides in genomic DNA and RNA still remains challenging, in particular with respect to a selective tagging and enrichment of 5fC in the presence of other aldehyde containing species, including 5fU and/or abasic sites. Hardisty et al. [81] evaluated different condensation reactions with biotinylated probes aiming at chemoselective tagging of 5fC or 5fU in DNA with appropriate labeling reagents, thus facilitating the isolation of DNA containing these modifications for sequencing. For this purpose, differences between the reactivity of the formyl groups in 5fC and 5fU were investigated more closely by treatment of synthetic oligomer nucleotides (ODNs) with biotinylated probes possessing an oxyamine, hydrazine, or o-phenylenediamine linker. As discussed above, oxyamines can easily be converted into oximes upon condensation with aldehydes, and the less nucleophilic acyl hydrazides readily react with formyl groups to give hydrazones. Selectivity for 5fU or 5fC can only be achieved by careful choice of appropriate reaction conditions. The oxime of compound 1 (ARP) was formed at pH 6 specifically with 5fU. At lower pH 5, 5fU was still completely labeled, but 5fC also reacted to a significant extent (ca 50%). Complete labeling of 5fC, however, required the presence of p-anisidine as catalyst. In contrast, the reaction with biotin hydrazide occurred rapidly and selectively with 5fU at pH 7, while reaction with 5fC also required the presence of a catalyst. In contrast, o-phenylenediamines, such as 18 or 19, which are known to form a stable benzimidazole ring upon reaction with an aldehyde moiety, predominantly reacted with 5fU (93% conversion, 20, Fig. 2C ), and gave only trace amounts of reaction with 5fC (~1%), thereby allowing for selective enrichment of 5fU-modified DNA [81, 82] . These observations of differential reactivity were further supported by quantum-mechanical calculations, which revealed a weaker C-C bond between the carbonyl-C and C5 of the pyrimidine ring in 5fU compared to 5fC. In a conceptually similar reaction, the specific fluorogenic labeling of 5fU in DNA was demonstrated by Hirose et al. [83] , who reacted 5fU with the aminothiol 21 and thereby incorporated the aldehyde group into a fluorescent benzothiazole substitutent in 22. The photophysical properties of the resulting modified uridine nucleotides could be tuned by the substitution pattern at the benzothiazole [84] . An alternative fluorescent labeling approach was reported by Liu et al., who introduced the selective, catalyst-free labeling of 5fU with 4-hydrazinyl-7-nitrobenz-[2,1,3-d]-oxadiazole (NBDH, 23, Fig. 2C ) [85] . Conjugation with the aldehyde resulted in a wavelength shift and significant fluorescence enhancement. Control experiments with DNA containing 5fC or abasic sites confirmed the "switchon" specificity for 5fU under the chosen reaction conditions. Similarly, oligonucleotides containing 5fU as well as 5fC were subjected to react with the hydrazine-conjugated naphthalimide reagent 13 (Fig. 2B ) in phosphate buffer (pH 7) for 90 min resulting in a strong fluorescence switch-on phenomenon [86] . RP-HPLC analysis in combination with MS analysis clearly revealed that 5fU was completely converted to the labeled nucleobase, while the 5fC aldehyde functionality remained unmodified under these reaction conditions. Qualitative and quantitative assays showed a high efficiency and sensitivity of the method with a detection limit of 20 pM in targeting 5fU in DNA. Variation in the reaction parameters revealed that 5fC quantitatively reacted with the naphthalimide 13 under acidic conditions by running the reaction in a methanol-acetic acid solution (pH 5) for 4 h, thus yielding the desired labeled adduct, which also showed a strong fluorescence switch-on phenomenon. However, 5fU is not inert toward reaction with 13 under these acidic reaction conditions, and therefore an alternative strategy to discriminate the two formylpyrimidines is required.
Taking advantage of the 5fU-specific reaction of ophenylenediamines [81, 82] , Zhou and coworkers developed an elegant approach to selectively label 5fC in the presence of 5fU in DNA oligonucleotides [86] . In this respect, 4-nitro-o-phenylenediamine (18) (Fig. 2C ) was used to selectively mask 5fU under acidic conditions by producing a stable and nonfluorescent nucleoside, whereas 5fC was not tagged, and was therefore available for reaction with another fluorogenic probe, such as the bifunctional naphthalimide probe 13 (Fig. 2B) . This probe was additionally equipped with an azide functionality, thus providing the possibility to link this labeling reagent via click reaction to other bio-orthogonal tags, such as dibenzocyclooctyne-modified biotin (DBCO-biotin), for subsequent affinity pulldown or analysis by dot blot assays. Since the method provides selective labeling of 5fC in the presence of 5fU, it might have further applications in future investigations for the enrichment of natural nucleobase modifications.
Labeling via extension of the p-system
The labeling reactions with fluorophores described above all rely on the transformation of the aldehyde group, mainly by nucleophilic addition. Thus, these methods are in many cases of limited value to selectively detect 5fC in the presence of 5fU since both modifications will lead to product formation. For this reason, further methods have been developed to detect 5fC without interference of 5fU or aldehydes present at abasic sites. Besides the 5fU masking strategy described above, selectivity for 5fC can be achieved by cyclization reactions which involve the exocyclic amino moiety in cytosine derivatives (see below). Furthermore, a selective readout is possible based on the different electronic properties of 5fU and 5fC, which influence the fluorescence of conjugated chromophores. This strategy was explored in a fluorogenic labeling approach introduced by Samanta et al. [87] , to distinguish extended conjugated p-systems of 5fU and 5fC. Here, hemicyanine-like (Hcy) chromophores such as 15 (Fig. 2B) were produced under mild and biocompatible conditions by an aldol-type condensation of 5fU/5fC in synthetic DNA and RNA oligonucleotides with 2,3,3-trimethylindole (TMI) derivatives. 5fU-containing DNA was incubated with the labeling reagent at pH 6, revealing efficient formation of HcyU-labeled DNA. The fluorescence emission was measured at pH 9, and the emission intensity correlated well with the number of 5fU modifications present in the DNA, with 25 nM (i.e., 0.02% 5fU nucleotides in sample) being the lowest concentration of labeled DNA that was determined by this approach.
In contrast to 5fU, TMI labeling of 5fC required activation of the reagent and an additional elimination step to drive the reaction to completion. The nucleophilicity of the indole reagent was increased by treatment with NaOH, which afforded the enamine 14 with an exocyclic double bond. With this modified TMI reagent 14 (Fig. 2B) , up to 80% yield was achieved in the aldol condensation reaction at pH 7.4 and 45°C. Compared to similarly labeled 5fU-DNA, the excitation and emission maxima of labeled 5fC-DNA were blue-shifted and had a reduced emission intensity, but the fluorescent adduct showed only modest environmental sensitivity in single-stranded and double-helical DNA. Thus, due to the distinct electronic properties of the two formyl pyrimidine nucleosides, the generation of two fluorescent nucleotides with different photophysical characteristics had successfully been achieved, making it possible to discriminate between these modifications present in the same sample. Furthermore, interrogation of 5fC levels at a particular target site was demonstrated by primer-extension stop assays. The TMI labeling strategy was also successfully used on RNA, and the resulting HPLC shift as well as the polymerase roadblock activity were instrumental for elucidating the biosynthetic pathway for 5fC formation in human mitochondrial methionine tRNA [32] . This method has the potential to be used in future studies in combination with different sequencing strategies to distinguish between the different oxidation states of 5mC modifications and to explore genome/transcriptomewide analysis of 5-formylpyrimidines.
An alternative approach for chemoselective labeling of the aldehyde group in 5fC was reported by Liu et al. [88] , who designed a novel, bifunctional reagent for a fluorogenic switch-on detection and single-base resolution analysis of 5fC in DNA, by capitalizing on an intramolecular cyclization reaction. As the labeling reagent, 2-(5-chlorobenzo[d]thiazol-2-yl)acetonitrile (CBAN, 16) was used, which was reacted with 5fC to yield the benzothiazole-substituted fluorophore 17 (Fig. 2B) via cyclization of the exocyclic 4-amino group of 5fC with the cyano group of the reagent. The generated adduct 17 showed excellent photophysical properties, including high quantum yield and good photostability, with a linear correlation between the fluorescence intensity and the concentration of 5fC-containing DNA in the range of 1-40 nM. Most importantly, among all tested nucleosides only 5fC showed a drastic fluorescence enhancement when treated with CBAN (16) . The reaction product of 5fU with 16 was nonfluorescent and, thus, did not affect qualitative and quantitative fluorescence detection of 5fC. Studies regarding the formation of 5fC in c-irradiated calf thymus DNA along with the quantitation of the 5fC levels detected in the samples as a result of different irradiation doses confirmed the sensitivity and efficiency of the method [88] .
Owing to the loss of the exocyclic amino function upon reaction with the cyano reagent, the modified cytosine nucleoside is no longer able to form a base pair with G, leading to C-to-T transition during PCR because of favorable base pairing with A. Therefore, not only simultaneous selective and fluorogenic switchon detection of 5fC was achieved but also base-resolution analysis of this modified nucleoside was possible as corroborated by Sanger and Illumina sequencing results of 5fC-containing oligonucleotides before and after treatment with CBAN (16). Thus, this reagent is a promising candiate for site-specific mapping of 5fC by sequencing, in analogy to other recently developed methods (see below) [89, 90] .
Mapping 5fC and related modifications by sequencing
Immunoprecipitation-based enrichment with modification-specific antibodies followed by deep sequencing is one of the prime methods that enabled genome-wide profiling of 5mC and oxidized derivatives [91] . Similarly, modification maps in DNA were obtained by sequencing of streptavidin affinity enriched, covalently biotinylated samples. In this context, hMe-Seal [92] and fC-Seal [93] were developed based on chemical labeling of glucosylated 5hmC derivatives [91] . The resolution of affinity-based techniques, however, is limited and alternative approaches are needed for site-specific analysis of modified nucleotides, as described below.
Bisulfite sequencing for 5mC and oxidized derivatives
The bisulfite sequencing method (BS-Seq) [36, 37] has widely been used as the gold standard in determining the methylation status with single-base resolution in genomic DNA. Upon treatment of denaturated DNA strands with sodium bisulfite, unmethylated cytidines are converted into uridines through hydrolytic deamination. Due to the change in the Watson-Crick hydrogen bonding pattern, the newly generated uridines are read as thymidines during sequencing. Since the reaction of 5mC with bisulfite proceeds much more slowly, this modification can still be detected as cytosine with single-nucleotide resolution after PCR and sequencing, thus making it possible to quantitatively discriminate between C and 5mC. The BS-Seq method, however, has some severe drawbacks, such as harsh reaction conditions which might cause undesired DNA damage, requirements for relatively large amounts of input DNA, dependence on PCR, and resulting short sequence reads, as well as reduced sequence complexity due to deamination of all nonmethylated cytosines and accompanied challenges for primer hybridization. Most importantly, however, with BS-Seq it is not possible to discriminate between 5mC and 5hmC because upon treatment with bisulfite 5hmC forms a cytosine-5-methylsulfonate (CMS) adduct, which is resistant to deamination and, thus, will be read as C. Furthermore, since 5fC and 5caC undergo deamination similar to unmodified cytosine, they are indistinguishable from C under bisulfite conditions.
Since conventional BS-Seq cannot discriminate 5mC from 5hmC, further sequencing methods have been developed for a selective and site-specific detection of these two cytosine base modifications. Oxidative bisulfite sequencing (oxBS-Seq) [94, 95] allows to quantitatively map 5hmC in genomic DNA at single-base resolution by specific and complete oxidation of 5hmC to 5fC using potassium perruthenate (KRuO 4 ). Subsequent specific conversion of 5fC by bisulfite treatment, leaving C and 5mC unchanged, gives rise to a direct read out of the absolute abundance and the positions of 5mC in DNA, while quantitation and loci-specific analysis of 5hmC can be obtained as the difference between oxBS-Seq and BS-Seq. The combination of oxBS-Seq with reduced representation bisulfite sequencing (RRBS) [96] led to the generation of a single-base resolution map of the 5mC and 5hmC status of CpG islands in mouse embryonic stems cells [94, 95] . In TET-assisted bisulfite sequencing (TAB-Seq) [94, 97] , 5hmC is converted to b-glucosyl-5-hydroxymethylcytosine (5gmC) using the b-glucosyltransferase (bGT) to protect 5hmC from further TET oxidation. Subsequent oxidation of 5mC to 5caC by employing a recombinant TET1 protein, followed by bisulfite treatment results in decarboxylation and deamination of 5caC to provide uracil, while the glucosylated 5hmC remains unconverted. Thus, TAB-Seq reveals 5hmC as C, which, together with the results of conventional bisulfite sequencing, gives a direct read out of 5hmC. This approach had been applied for the accurate assessment of 5hmC at base resolution across the whole genome of embryonic stem cells [97] .
Aiming at a selective and quantitative single-base resolution mapping of 5fC in mammalian DNA, two similar strategies, termed reduced bisulfite sequencing (redBS-Seq) [98] and 5fC-assisted bisulfite sequencing (fCAB-Seq) [93] , have been developed comprising an additional step to block the conversion of 5fC to uridines prior to bisulfite treatment (Fig. 3A) . In redBS-Seq [98] , 5fC is firstly converted to 5hmC by reduction with sodium borohydride (NaBH 4 ), which can easily approach the formyl function of 5fC in the major groove of the DNA strand due to its small size. During the following bisulfite treatment, a CMS adduct is generated and 5fC is finally read as C in sequencing. Thus, redBS-Seq (where 5fC is read as C) in combination with BS-Seq (in which 5fC is read as T) can be applied to selectively map and quantitate 5fC at single-base resolution in genomic DNA by subtracting the data obtained from the two approaches. In a similar manner, the genomic locations of 5fC at single-base level can likewise be distinguished as the difference between the read out of C bases from BS-Seq and fCAB-Seq. In the latter, O-ethylhydroxylamine is reacted with the formyl group of 5fC to form an oxime, which was found to be stable against bisulfite-mediated deamination. This sequencing method is well suited to validate the presence and accumulation of 5fC at defined sites in genomic DNA at levels down to only a few percent when performed in combination with high-throughput bisulfite sequencing, which was also demonstrated by application of the strategy for genome-wide mapping of 5fC in mouse embryonic stem cells [93] . Although these methods are highly reproducible, sensitive and accurate, determination of the levels of all epigenetic nucleosides is not possible exclusively based on redBS-Seq or fCAB-Seq.
Bisulfite-free sequencing methods for selective labeling and mapping of 5fC A bisulfite-free approach for base-resolution analysis of 5fC based on selective chemical labeling of 5fC and subsequent C-to-T transition during PCR has been developed by Xia et al. [89] . This method, termed fC-CET (Fig. 3B, left) , is based on a Friedl€ ander condensation to form a polycyclic adduct of 5fC. The azido derivative of 1,3-indandione (AI, 24) readily reacts under mild conditions with 5fC to afford an 5fC-AI adduct involving the exocyclic 4 0 -amino group of 5fC in the ring closure reaction, (conceptually similar to the reaction with the cyanomethylbenzothiazol 16 described above). This labeling reaction is highly selective for 5fC and shows no cross reactivity with cytosine or its other modified forms. Although fC-CET enables an efficient enrichment of 5fC and was found to be a highly robust method for 5fC profiling in bulk samples, this approach is hampered by the low solubility of AI in water and the necessity to remove excessive amounts of the labeling reagent prior to subjecting the labeled genomic DNA to library preparation and DNA amplification.
A similar bisulfite-free approach for single-cell and single-base resolution sequencing of 5fC, likewise based on the principle of the Friedl€ ander reaction, has recently been reported by Zhu et al. [90] . In this approach, named CLEVER-Seq (Fig. 3B, right) , the bifunctional malononitrile (M, 25) is used to selectively convert 5fC into the respective adduct 5fC-M. Malononitrile (25) was found to be well suited for such a labeling reaction due to its excellent solubility in water. The formed 5fC-M adduct is read as T in PCR as the 4-amino group of the nucleobase is no longer a competent hydrogen bond donor and thus is not able to form a canonical base pair with G. Since the 5fC-level is known to be comparably high in mouse embryonic stem cells [20] , CLEVER-Seq was used to investigate the localization and mechanisms of DNA methylation and demethylation in these cells. Furthermore, CLEVER-Seq was used to identify base resolution 5fC landscapes at the single-cell level for mouse gametes, preimplantation embryos, and pluripotent stem cells, thus revealing a dynamic DNA formylation process during mouse early preimplantation development. CLEVER-Seq turned out to be a convenient and reliable method for labeling reactions in solutions of tiny volume. Due to its high conversion rate and the possibility to effectively label 5fC sites without causing DNA degradation or loss of genomic DNA from single cells, this sequencing approach provides a resource for future functional studies on the methylation and demethylation processes in single cells.
Single-molecule sequencing methods for direct detection of cytosine modifications
Single-molecule real-time (SMRT) sequencing [37, [99] [100] [101] and nanopore-based methylation analysis [37, [102] [103] [104] are emerging third-generation technologies for DNA sequencing that aim at the direct detection of modified nucleotides in native unfragmented genomic DNA without prior amplification steps. In SMRT sequencing, the polymerase-mediated continuous incorporation of fluorescently labeled nucleotides into DNA strands is monitored as fluorescent pulses. Since various nucleotides affect polymerase kinetics differently depending on the local sequence context and the nature of a distinct base modification, the determination of the time between two successive nucleotide incorporations (i.e., interpulse duration, IPD) provides a characteristic kinetic signature of that modification. The technique, however, is hampered by the low kinetic signals of 5mC and 5hmC, which are only weakly distinct from that of cytosine, whereas 5fC and 5caC show much stronger kinetic signatures. Thus, these two nucleotides can reliably be differentiated, so that based on the oxidation of 5mC by TET enzymes an analytical device for the detection of 5mC was developed [100] . A reliable determination of 5hmC in genomic DNA by SMRT sequencing was successfully achieved by converting 5hmC into its azido-glucoside using b-glucosyltransferase (similar to TAB-Seq mentioned above [97] ), followed by selective chemical labeling with a biotin-containing capture agent resulting in a decreased activity of DNA polymerase and in an enhanced kinetic signature of 5hmC [101] .
The principle of decoding the DNA base sequence by the nanopore approach relies on the fact that different nucleotides passing through protein or solidstate nanopores are able to generate characteristic changes in electric currents, which can be used to determine the base type [80, 102, 103] . Wescoe et al. [104] reported on an assay based on nanopore sequencing that allows to distinguish between cytosine, 5mC and its three oxidized forms in one run without any pretreatment of the DNA template strand, however, so far only on reference oligonucleotides with known modification signatures. Two recent reports used the MinION nanopore sequencer (Oxford Nanopore Technologies) to report on cellular DNA modifications, and focused on solving algorithmic challenges associated with accurate readout of nucleotides based on ionic current signals [105, 106] . Owing to the advantages provided by the direct analysis of DNA modification patterns, this third generation of sequencing methods might become powerful analytical tools for the design of new approaches to efficiently map and reliably quantitate cytosine derivatives on a singlemolecule and/or single-cell level.
Conclusions and perspectives
In the past years, cytosine base modifications such as 5mC and its oxidized forms 5hmC, 5fC, and 5caC have intensively been studied regarding their key regulatory functions in gene expression processes, also focusing on their involvement in the manifestation and pathogenesis of severe human diseases such as cancer. As presented in this Review, these research efforts have resulted in a broad spectrum of new methods for the selective detection and quantitation of these epigenetic marks in genomic DNA and RNA based on selective chemical reactions by taking advantage of the different chemical properties of each of these cytosine modifications. Furthermore, various sensitive approaches for a selective site-specific mapping at single-base resolution of cytosine and its oxidized forms have been introduced. The development of novel strategies to gain a more in-depth knowledge on dynamics, regulatory mechanisms, and the impact of ongoing DNA and RNA methylation and demethylation will be a highpriority and challenging task for the future.
